A conventional metabolic pathway leads to a specific product. In stark contrast, there are diversity-generating metabolic pathways that naturally produce different chemicals, sometimes of great diversity. We demonstrate that for one such pathway, tru, each ensuing metabolic step is slower, in parallel with the increasing potential chemical divergence generated as the pathway proceeds. Intermediates are long lived and accumulate progressively, in contrast with conventional metabolic pathways, in which the first step is rate-limiting and metabolic intermediates are shortlived. Understanding these fundamental differences enables several different practical applications, such as combinatorial biosynthesis, some of which we demonstrate here. We propose that these principles may provide a unifying framework underlying diversity-generating metabolism in many different biosynthetic pathways.
A conventional metabolic pathway leads to a specific product. In stark contrast, there are diversity-generating metabolic pathways that naturally produce different chemicals, sometimes of great diversity. We demonstrate that for one such pathway, tru, each ensuing metabolic step is slower, in parallel with the increasing potential chemical divergence generated as the pathway proceeds. Intermediates are long lived and accumulate progressively, in contrast with conventional metabolic pathways, in which the first step is rate-limiting and metabolic intermediates are shortlived. Understanding these fundamental differences enables several different practical applications, such as combinatorial biosynthesis, some of which we demonstrate here. We propose that these principles may provide a unifying framework underlying diversity-generating metabolism in many different biosynthetic pathways.
natural products | secondary metabolism | biosynthesis | RiPP | cyanobactin T here are two fundamentally different types of metabolic pathways in living systems. The first are aimed to generate one or a few discrete chemicals; these comprise the majority of pathways. The second have evolved to produce large numbers of different metabolites (1, 2) . Although perhaps fewer in number, this second class, which we will call "diversity generating" (DG), may be responsible for the majority of small molecules in living systems. A key difference is that the compounds produced in the latter generally have a more limited phylogenetic distribution.
The metabolic pathways first elucidated were for the synthesis of essential metabolites found in all cells, such as amino acids, purines, or pyrimidines. These conventional metabolic pathways typically comprise multiple metabolic steps, with the intermediates generated in each step converted only to the final product of the pathway. DG pathways, however, do not yield a single final product. Each enzyme in a DG pathway has relaxed substrate specificity and is able to handle a variety of compounds, carrying out the same chemical transformation on different substrates.
Previously, an evolutionary framework was developed to explain why some biosynthetic pathways produce many compounds (3) (4) (5) . In this study we provide the first integrated overview, to our knowledge, of the multiple metabolic steps that comprise a DG biosynthetic pathway. We have uncovered striking differences in how this pathway differs from the canonical features of conventional pathways. Our results provide an initial framework for understanding how DG pathways are designed and how key features of such pathways diverge from the textbook model.
We specifically examine the tru and related pat cyanobactin pathways (1, 6) . These ribosomally synthesized and posttranslationally modified (RiPP) secondary metabolite pathways were identified in cyanobacterial symbionts of coral reef animals. Their expression required transfer to a model host, Escherichia coli ( Fig. 1) (7) . In nature, tru and pat accept a wide variety of hypervariable substrates, but the enzymes are essentially identical in sequence. The tru pathway is capable of synthesizing potentially millions of compounds with highly diverse structures (8) . In tru, the first step is the ribosomal synthesis of the precursor peptide, TruE, which encodes the production of two different patellin products ( Fig. 1 and SI Appendix, Fig. S1 ) (7) . Many different natural and artificial TruE variants exist, encoding different products ("X" in Fig. 1) . TruE is the substrate for TruD, which inserts heterocycles (9) , and TruA, a protease that removes the leader sequence (10) . The product of TruA is the substrate of protease TruG, which macrocyclizes the N and C termini (10) . Finally, TruF1 installs one or more isoprene units on the mature macrocycle (11) .
Each enzyme has relaxed substrate specificity; thousands of derivatives have been synthesized (8, (12) (13) (14) . At each ensuing biochemical step the substrates are increasingly different, because early substrates contain large conserved elements known as "recognition sequences," which are progressively pared away in the course of biosynthesis and are not found in the products of the pathway (1, 15) . Thus, late-stage enzymes encounter structurally divergent substrates, whereas the substrates of early-stage enzymes retain some conserved structural features.
Although tru has been expressed in E. coli to produce many compounds, a limitation was low and variable yield. Common methods afforded only modest yield improvements (16) . Here, while improving yield by nearly 30,000-fold from an initial ∼1 μg/L, we discovered principles that may be fundamental in DG pathways.
Results
Optimization with Cysteine and Mevalonate Enables Determination of Biological Activity. We first optimized production in E. coli by traditional methods using the vector pTru-SD encoding the tru pathway, resulting in a best yield of <10 μg/L over a 5-d fermentation. The low yield likely was caused by a well-known limitation: Although engineering pathways to produce active enzymes can be straightforward, this strategy often fails to provide the chemical Significance How is chemical diversity generated by biological systems? Some biosynthetic pathways are constrained to produce one metabolite, but others are relatively relaxed and can produce a set of diverse compounds. Using the example of the tru pathway to cyanobactins, we propose a model of diversity-generating metabolism in which pathway flux and properties are strikingly different from the canonical design of conventional metabolic pathways. products of those enzymes. Therefore, we sought to add compounds to modulate enzymatic efficiency in vivo, adopting a metabolitedirected approach.
We found that the addition of cysteine (5-10 mM), along with minor process changes, reproducibly increased the yield of patellins by 150-fold, to ∼1.5 mg/L ( Fig. 2A and SI Appendix, Fig.  S2 ). A mixture of patellins with 0-2 units of isoprene was produced, and prenylation increased slowly over a series of days. Therefore, we increased production of the isoprene precursor, dimethylallylpyrophosphate (DMAPP), using the vector pMBI, which contains genes (mev) that convert mevalonic acid to DMAPP (17) , which in turn is a substrate for prenyltransferase TruF1 (11) . Coexpression of pTru-SD and pMBI led to a great increase in prenylation that depended on the dose of added mevalonate ( Fig.  2A) and also, surprisingly, increased the total yield of patellins from cysteine alone by ∼18-fold, to 27 mg/L. This increase was dependent upon cysteine, without which mev/mevalonate did not increase the yield. We calculated that ∼250 mg/L of precursor peptide TruE-3-2 was synthesized, representing ∼25% of the dry weight of the cells. This striking effect may greatly exceed known yields of RiPPs by precursor weight.
Patellin 2 is a seldom-found natural product from coral reef animals with unknown bioactivity (7, 18) . With robust expression, we synthesized wild-type patellin 2 in E. coli (SI Appendix, Fig. S3 ) and screened it in a variety of assays such as constellation pharmacology, which is not traditionally used in natural products research. Constellation pharmacology with mouse dorsal root ganglion neurons (19) (20) (21) showed that patellin 2 exhibits an activity profile that may indicate potassium channel inhibition ( Cysteine Functions by Liberation of Hydrogen Sulfide. Cultures with cysteine had unusual characteristics, leading us to speculate that cysteine may not be the direct molecular initiator of increased yield. Cystine could replace cysteine (SI Appendix, Fig. S5A ), and yield depended upon vessel size and shape. Serendipitously, we used cysteine in an experiment in which the cover of a multiwell plate was not pierced to allow gas exchange. In that event, control wells lacking cysteine exhibited a great increase in patellin production. Therefore, we suspected that the active reagent was volatile. Hydrogen sulfide is produced when E. coli degrades extracellular cysteine to sulfide (22) (23) (24) . Indeed, added cysteine and cystine were completely degraded during E. coli growth (see SI Appendix, Fig.  S11A ). We liberated H 2 S gas into cultures at varying concentrations ( Fig. 3A and SI Appendix, Fig. S5B ); H 2 S alone was sufficient to recapitulate the increased patellin yields found with cysteine ( Fig. 3B ).
Molecular Mechanism of H 2 S. Four major possibilities were tested in which H 2 S might impact (i) the abundance of cyanobactin The relationship between the precursor peptide recognition sequence and the relevant enzyme is shown by color. For example, the TruA protease recognition sequence is shown in blue. "X" indicates regions that can be highly variable. Because these elements are progressively cleaved during biosynthesis, the substrate for each ensuing enzymatic step is progressively different in structure (SI Appendix, Fig. S1 ). (B) Representative natural coral reef compounds produced in this study. Fig. 2 . Optimization of patellin production in E. coli and discovery of neuroactivity. (A) Coral reef compounds patellins 2 and 3 were synthesized in E. coli using vector pTru-SD, with added agents shown on the x axis. Cultures were harvested on fermentation day 6. Yield was measured by comparison to an internal standard (SI Appendix, Fig. S2 ). Measurements were made from independent replicates performed in triplicate. Different degrees of prenylation are indicated by progressively darker color: yellow, patellin 2; purple, patellin 3. (B) Dorsal root ganglion assay using cultivated mouse neurons. Each trace represents the response of a single neuron in culture. KCl (arrows on the x axis) is added to the culture and removed, leading to depolarization and Ca 2+ entry into the cell, measured using the fluorescence ratio of Ca 2+ -responsive Fura-2 dye (y axis). Between KCl additions, recombinant patellin 2 was added for 5 min and removed from cells at increasing doses, leading to response by neurons. About 800 individual neurons were examined in this study (SI Appendix, Fig. S4 ). Shown are typical nonresponsive neurons (N, top trace). In comparison, a neuron is shown that increases (I) the KCl-responsive Ca 2+ flux after patellin 2 is added in some cells (middle trace). In some neurons, a direct depolarization (D) is seen when patellin 2 is added (bottom trace).
proteins; (ii) the availability of metabolites or cofactors; (iii) cellular redox; and (iv) the activity of proteins.
Mechanism 1: Protein Abundance Is Not Altered. In pTru-derived vectors, the tru operon is under control of the lac promoter. Using a lac promoter-GFP fusion, we showed that GFP is modestly decreased when cysteine is introduced (SI Appendix, Fig. S6A ). Similarly, when gfp was fused directly to the last gene in tru (16), fluorescence was modestly diminished with cysteine in comparison with cysteine-free controls (SI Appendix, Fig. S6B ). We examined the production and stability of all tru enzymes under control of individual T7-lac promoters and observed no significant effect.
We investigated whether the concentration of the substrate TruE increased upon the addition of cysteine in the native tru context. We modified the truE-2-2 gene (which encodes patellin 2 in both cassettes) by inserting a 6xHis tag into the leader sequence ( Fig. 3 C and D) . In Western blots, TruE-2-2 was observed after 7 h of fermentation (early log phase) and was optimal around 11 h (midlog) but was not detectable by late-log phase (17 h and later). No difference was observed in the presence or absence of cysteine (SI Appendix, Fig. S7D ). In contrast, detection of cyclic products was greatly increased when cysteine was added. Thus, the effects of cysteine are not explained by increased TruE production or stability. ATP is used in heterocyclization (9, 25) , so it might affect the pathway directly, whereas other metabolites might act indirectly. Two types of metabolomics experiments were used. The first examined a panel of primary metabolites using authentic standards, such as ATP and NADH ( Fig. 3E and SI Appendix, Fig.  S8A ). No significant differences were observed except with redoxresponsive metabolites, which were greatly altered. We also performed untargeted LC-MS and observed only minor differences (SI Appendix, Fig. S8B ) (26, 27) .
Mechanism 3: Cellular Redox Is Not Responsible for the Effect. Because cysteine changed the cellular redox state, leading to greatly increased glutathione disulfide, it was possible that this change also increased the yield of products. Cysteine recently was shown to oxidize the E. coli cytoplasm (28) . Using metabolomics and redox-sensitive GFP, we confirmed that cysteine greatly oxidizes E. coli ( Fig. 3F and SI Appendix, Fig. S8A ). However, H 2 S was equally effective in producing patellins, but instead of oxidizing cells it mildly reduced them (SI Appendix, Fig. S5C ). Moreover, H 2 S and cysteine were equally effective in producing patellins in aerobic and anaerobic fermentation. Therefore, a change in cellular redox state did not cause increased patellin production.
Mechanism 4: Modulation of Protein Activity Underlies the Cysteine
Effect. Although gross cellular redox does not correlate with increased patellin production, the redox state of individual thiols in proteins changes with increased intracellular H 2 S (29, 30). Therefore, it was possible that the addition of sulfide would alter protein activity. Critically, we noticed that, the higher the yield of patellin 2 in a culture, the more cysteine-dependent that yield became. One example can be seen in Fig. 3C , in which introduction of a His-tag to TruE-2-2 decreases the yield of patellin 2 in comparison with the unmodified vector; more patellin 2 is produced without cysteine with this His-tagged vector. Therefore, we proposed that a pTru plasmid-encoded protein acts as a negative regulator of compound synthesis that is relieved by the addition of sulfide.
One possible negative regulator is TruA, which is redox sensitive and is the only enzyme in the pathway that is capable of derailing the biosynthesis by making nonproductive intermediates. This hypothesis was tested by combining the relevant proteins in vitro and determining the effect of sulfide on product formation. We treated TruE-3-2 with the TruD homologs ThcD and PatA (98% identical to TruA) in the presence or absence of 500 μM sulfide. Absent sulfide, we observed mainly the incorrect products that are made when PatA acts before the action of ThcD (Fig. 4 and SI Appendix, Fig. S9 ). With sulfide, in contrast, we saw mostly the correct products made when ThcD acted before PatA. When PatA or ThcD was used singly with its authentic substrate, it performed without significant differences with or without the addition of 500 μM sulfide, indicating that this effect was not caused by gross inhibition of enzymes or a by change in the fundamental properties of enzymes or substrates. We propose that sulfide specifically modulates the substrate preference of mature enzymes in the cyanobactin pathway, enabling posttranslational control of product formation in vivo.
DMAPP from the mev Pathway Is Incorporated into Patellins. E. coli normally contains the deoxyxylulose pathway to isoprenoids and Fig. 3 . Sulfide liberated from cysteine increases compound production. (A) Experimental setup for generating H 2 S gas in E. coli cultures. By adding sodium sulfide externally to growing cultures at varying pH, consistent low doses of H 2 S are generated. (B) With this setup, the addition of sulfide leads to cyanobactin production. Cultures were grown for 3 d, and 2-mL cultures were extracted and analyzed as described in Methods. (C) Production of patellin 2 in vectors with and without a His-tag shows that production is cysteine responsive and increases even after cysteine is depleted from culture (SI Appendix, Fig.  S11A ) and for days after TruE-2-2 disappears. Measurements were performed in triplicate from independent cultures. (D) TruE is expressed early in the log phase, and its synthesis or degradation does not differ with or without cysteine. The Western blot against His-tagged TruE-2-2 shows that the protein is visible only at 7 and 11 h but is not visible at later time points, independent of cysteine addition. Additional points and conditions are shown in SI Appendix, Fig.  S7D . (E) The addition of cysteine (5 mM) leads to the oxidation of redox-sensitive metabolites but has little effect on the ATP/AMP ratio in E. coli. Measurements were performed in four independent cultures using 100-mL-scale cultures harvested after 24 h. (F) Adding 10 mM cysteine has little effect on the growth of E. coli but leads to oxidation of the cytoplasm, as measured by the redox state of redox-responsive roGFP2. Each data point is the average of at least six independent cultures. Spectra of reduced and oxidized roGFP in E. coli are shown in SI Appendix, Fig. S5E . therefore cannot use mevalonate (17) . When 1-13 C-labeled mevalonate was added to the culture, MS analysis showed that the major ion of the doubly prenylated peak was +2 Da in comparison with unlabeled material. MS/MS experiments localized this mass difference to DMAPP (SI Appendix, Fig. S10 ).
The Effect of Mevalonate Is Independent of Prenylation. Previously, we showed that the rates of purified enzymes alone or in combination were not affected by DMAPP concentration (11) . We used a series of vectors leading to different isoprene products, demonstrating that the increased yield could be observed no matter whether DMAPP, isopentenyl pyrophosphate, or farnesyl pyrophosphate was the primary product of the pathway (Fig.  5A) . We also expressed the pat pathway, which is closely related to tru except that it lacks a functional prenyltransferase. Nonetheless, pat still was responsive to both cysteine and mevalonate/mev, requiring both to be detected at reasonable levels (Fig. 5B) . Finally, the tru prenyltransferase gene truF1 and its nonprenylating homolog truF2 were knocked out individually or in tandem from the tru pathway (Fig. 5C) . In all cases, production was still responsive to both cysteine and mevalonate. In sum, although this study did not determine the mechanism behind the increase in the patellin yield with mev/mevalonate, it was clear that direct prenylation of cyanobactins was not responsible. We also show that TruF2 is not a prenyltransferase and that TruF1 is solely responsible for prenylation in the pathway.
Each Ensuing Metabolic
Step Is Increasingly Slower in Vivo. The first step in the synthesis of patellins is translation of the substrate (TruE) and required enzymes. We added the translation inhibitor chloramphenicol to E. coli cultures every 24 h beginning at the 24-h time point, with and without cysteine (Fig. 6 A and  B) . E. coli growth ceased upon the addition of chloramphenicol, but compound production did not, indicating that transcription and translation of tru proteins is completed during cell growth. This conclusion also is supported by the experiments with GFP described above, in which maximum fluorescence is achieved during log phase. In contrast, accumulation of cyclic and prenylated products continues for days after growth ceases.
Following translation, TruE is heterocyclized by TruD. In Western blots following TruE, TruE-2-2 was barely visible at any time point (Fig. 3D and SI Appendix, Fig. S7D ), even though His-tagged TruE derivatives under the control of the much stronger T7 promoter were readily visualized when T7 RNA polymerase expression was coinduced (SI Appendix, Fig. S7A ). Because heterocyclization must precede the degradation of TruE, TruE-2-2 was being consumed over the (Middle) The biochemical process catalyzed by the enzymes that convert mevalonate to DMAPP and other products. (Bottom) Cyanobactin production is greatest in the presence of mevalonate. This effect requires cysteine. Cultures were grown as described and were harvested after 5 d. Each set represents triplicate independent replicates. Expression conditions are shown as A, tru; B, tru/pBBR; C, tru/mevb; D, tru/mbi; E tru/mbis. (B) Expression from the pat pathway is increased with pMBI and mevalonate, even though patellamides A and C are not prenylated. Expression conditions are shown as A, pat; B, pat + 5 mM cysteine; C, pat/mbi + 5 mM cysteine; D, pat/mbi + 10 mM mevalonate; E, pat/mbi + 5 mM cysteine + 5 mM mevalonate; F, pat/mbi + 5 mM cysteine + 10 mM mevalonate. (C) Expression from the tru pathway is increased with pMBI and mevalonate, even in the absence of prenylation. pTru-b and pTru-DF1 were expressed as described. Cultures were harvested after 5 d and were analyzed for patellin production. df1, TruF1 knockout; wt, wild type.TruF2 and TruF1-TruF2 were deleted also, providing a similar effect. Note the absence of prenylated products when truF1 is removed from the tru pathway.
course of its synthesis, demonstrating that the first enzymatic step (heterocyclization) is fast in vivo.
In contrast, macrocyclization was much slower. With the Histagged TruE vector, cyclic peptide was observed at 24 h, with production increasing for a further 2 d (Fig. 3C) . We examined the timing of production from the vectors containing TruE-2-2 and TruE-T-T (containing the trunkamide sequence in both cassettes) (Fig. 6 C and D and SI Appendix, Fig. S11B) . Notably, the onset of cyclic peptide was observed in tandem with the timing of cysteine depletion and the onset of the stationary phase. Cyclic peptides continued to accumulate for approximately 24-72 h after cysteine depletion. Similar time courses were observed without cysteine, although much less macrocycle was produced. Thus in vivo macrocyclization is slower than the preceding steps in E. coli. Under all conditions, prenylation was even slower, continuing after the termination of the macrocyclization reaction (Fig. 6 D and E) .
Discussion
We show that the DG tru pathway exhibits a surprising property: Each metabolic step in the pathway is progressively slower as biosynthesis proceeds in living cells. All metabolic steps except for precise timing of TruA cleavage were observed by quantifying pathway intermediates and products, leading to a metabolic flux model (SI Appendix, Fig. S12 ). (i) TruE precursor peptide accumulates in early log phase. (ii) TruD acts on TruE essentially immediately, before any proteolysis of TruE. (iii) TruE is rapidly proteolyzed, completely disappearing as cysteine is depleted and log phase ends. The timing of this disappearance is identical with and without cysteine. (iv) As log phase ends and cysteine is depleted, cyclic peptides accumulate slowly, requiring 24-48 h for completion. (v) Prenylated intermediates are made even more slowly, continuing to accumulate for >72 h and not being complete even at that time. Thus, in vivo each metabolic step requires a substantially longer period than the preceding one. The increasing sluggishness parallels the increasing differentiation of chemical substrates at each ensuing biochemical step and is in striking contrast to that in conventional pathways, in which the first metabolic step is limiting (and usually regulated with the pathway), designed to prevent the accumulation of intermediates or byproducts.
A caveat is that these results were generated using a heterologous host and thus may not reflect nature. The most striking discovery is the effect of cysteine on the cyanobactin pathway. Recently, it has been established that disulfide bonds are reduced across the proteome as cyanobacteria transition from dark to light (31) and that these changes are coupled to secondary metabolism (32) . Reduction inhibits TruA, whereas only reduced TruE reacts with TruD. These results suggest that the effects of sulfide on cyanobactin biosynthesis in E. coli reflect natural cycles in cyanobacteria, providing a biochemical link to the disulfide cycle.
The in vitro enzymology of each cyanobactin pathway enzyme has been investigated (9-11, 33, 34) . The individual enzymes are slow, with the in vitro trends paralleling the in vivo observations in this study. When all enzymes are combined in vitro, intermediates accumulate, as found in E. coli (11) . The best investigation of individual DG metabolic enzymes involved a comparison of broad and narrow substrate-tolerant LanM family lanthionine synthases (2, 35, 36) . The narrow substrate-tolerant enzyme HalM2 produces a single product very efficiently. However, the broad substratetolerant ProcM accepts widely different substrates with completely different skeletal features. In comparison with the substraterestricted HalM2, the substrate-tolerant ProcM is slower and does not perform proofreading. Additionally, the first step is the fastest with ProcM but is the slowest (rate-limiting) with HalM2. Extrapolating these single-enzyme data to whole pathways, we propose that DG metabolic pathways may follow common principles.
In addition to the conceptual framework they provide, these principles have implications in biotechnology. Typically, heterologous expression is accomplished by modulating regulatory elements. However, this strategy provided only modest improvements with tru in our hands (16) . Here, we report a metabolitedirected approach. Although sulfide does not increase the abundance or lifetime of tru proteins, it modulates the relative efficiency of the steps. In the case of conventional pathways, this strategy may not be necessary, because the gate from common biological substrates is at an early step, and all ensuing steps are relatively rapid. Perhaps such switches represent an alternative to the "committed step" of conventional pathways.
With sufficient patellins in hand, we discovered potentially useful neuroactivity. Patellins are rare (7, 18, 37) . Indeed, most coral reef biodiversity comprises small animals that are not amenable to drug-discovery programs (16) . By producing practical yields of five different coral reef animal products, we show that the supply problem can be circumvented, indicating a way that these small and rare samples can be practically coupled to drug discovery. In addition, we previously showed that the tru pathway can synthesize millions of derivatives (8, 12, 33) . The ability to scale production thus is game-changing in terms of developing combinatorial biosynthetic strategies.
We propose general principles underlying DG metabolism. It would be expected that DG metabolism would not use the same substrate fidelity mechanisms as conventional metabolism. We show that for tru these mechanisms are, in fact, nearly the opposite. In tru, later metabolic steps are increasingly slow, and isolable intermediates accumulate, features that are likely hallmarks of DG metabolism. The advantage of using the tru pathway is not that it is unique but rather that its wide substrate tolerance has been established experimentally in both laboratory and natural conditions. However, many pathways are believed to exhibit relaxed substrate tolerance (38) (39) (40) and may share unifying features of DG metabolism.
In addition to sharing common mechanisms, DG pathways likely share a common purpose: generating metabolites aimed externally at other organisms rather than at the producing organisms themselves (38) (39) (40) . The ability to diversify chemistry enables the producer to adapt as predators, prey, and competitors change. DG metabolism is not the only way that chemistry can adapt rapidly. Many metabolic pathways are relatively fixed and ancient, dedicated to producing specific compounds. In these cases, lateral pathway transfer is one mechanism that enables organisms to obtain new chemistry. In contrast, DG provides a way for organisms to diversify rapidly around an active pharmacophore. The resulting diversification is reminiscent of a synthetic medicinal chemistry approach in which a lead compound is diversified to produce useful drugs. DG metabolism thus is a widespread natural method of chemical optimization in response to challenge.
Methods
E. coli tru Expression Vectors. In most experiments, the tru pathway was expressed from pTru-SD1, in which the genes truA, -B, -C, -D, -E, -F1, -F2, and -G were codon optimized for E. coli, and the intergenic sequence was wild type. In addition, the start of the operon (truA) was fused to the E. coli lac promoter, and the end of truG was fused to a terminator. In most vectors, the precursor peptide was TruE-3-2, where patellin 3 is encoded in the first cassette, and patellin 2 is in the second. In some vectors, TruE-2-2 (with two copies of the patellin 2 cassette) or TruE-T-T (with two copies of the trunkamide cassette) was used. A full set of vectors used is given in SI Appendix, SI Methods.
Production of Patellins in E. coli. Six colonies of transformed E. coli DH10B cultures were picked from plates and grown in seed cultures overnight. The resulting cultures were combined and used to seed deep-well 24-well plates containing 2×YT (growcells.com) broth (6 mL per well) and ampicillin (50 μg/mL).
Other additives, such as varying amounts of cysteine and/or mevalonate, were placed in individual wells. Plates were sealed, and holes were pierced above each well with a toothpick. Plates were incubated with shaking (100 rpm) for 5-7 d. Where indicated, cultures were harvested at several time points. Harvesting consisted of centrifugation followed by immediate analysis or storage at −80°C until analysis.
Analytical Methods. All experiments reported were performed a minimum of three times, in at least triplicate replicate samples. Cells were prepared by centrifugation to remove medium before analysis. To analyze fluorescence or cell growth, whole cells were used. To analyze patellin production, cells were extracted with acetone (2 mL), and the resulting acetone extract was analyzed by mass spectrometry in comparison with authentic standards and a standard concentration curve.
Complete details are provided in SI Appendix, SI Methods.
